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Abstract 

Gas sensors are essential for industry and for a wide range of applications. They are for examples 

applied in public safety, pollution monitoring, and various industrial processes. Among the 

different gas sensing technologies, semiconducting metal oxide-based gas sensors are the most 

popular because of their low price, high sensitivity, short response time, high stability and simple 

operation. In these gas sensors, because gas adsorption has a direct relationship with the surface 

area of the sensing material, a higher surface area will result in a higher sensing response. 

Therefore, along with simple synthesis methods, nanowires (NWs) have recently gained special 

attention for the realization of gas sensors. In this tutorial review, the synthesis of metal oxide 

NWs, the fabrication of gas sensors and their sensing mechanisms are discussed. Different gas 

sensors such as single NW, noble metal functionalized NWs, heterojunctions NWs, self-heating 

NWs, UV-activated NWs and core-shell NWs are presented. This tutorial review aims to provide 

a broad vision for the researchers and students working in this upcoming field.  
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I. Toxic gases and vapors 

Gases are intimately linked to life, as most of the living species continuously need to breathe air, 

which is basically a mixture of oxygen, nitrogen, argon, and other gases. In addition, many gases 

are used in our industrial era. For example, liquefied petroleum gas (LPG) is widely used in 

industry, as well as for cooking and heating purposes.1 Even though LPG is not toxic, it is highly 

explosive.2 Also, hydrogen gas is seen as the next “green fuel” and is currently used in fuel cells, 

although it is highly explosive.3,4 In addition to explosive gases, the sources of toxic and 

pollutant gases have been significantly increased in the recent years, and there are many toxic 

gases in our atmosphere.5 Toxic gases can cause harm in low levels over long periods of time 

(chronic exposure) or in higher concentrations over short periods of time (acute exposure). The 

threshold limit value (TLV) has been defined as the maximum concentration of a gas, which is 

allowed for repeated exposure without resulting in adverse health effects.6 For example, the TLV 

values for CO, NO2 and H2S gases are 50, 3 and 10 ppm, respectively.6  

Based on the WHO (World Health Organization), air pollution is mainly due to toxic gases and 

caused around seven million premature deaths in 2012.7 There are many toxic gases in our 

surrounding atmosphere. For example, carbon monoxide (CO) poisoning results in over 5000 

deaths in the USA.8 In Denmark, from 1995 to 2015, several hundred people passed away due to 

CO poisoning.9 Also, in Iran, as a typical developing country, 836 deaths occurred in 2016due to 

CO poisoning.10 CO has not any color, odor and taste,11 and it has 240 times greater affinity for 

hemoglobin in comparison with oxygen. It forms carboxyhemoglobin, which leads to a reduced 

oxygen delivery to tissues and can cause tissue hypoxia.8,12 Also, CO easily binds to cytochrome 

oxidase and leads to lactic acidosis, apoptosis and hypoxia.12 Another example is nitrogen 

dioxide (NO2), which has a highly oxidizing nature.13 Along with CO, this gas is a major air 

pollutant which can form through burning of fossil fuels, car exhaust, or emissions from 

industrial factories.14,15 Long-term exposure to NO2 can result in inflammation of lung tissue, 

silo-filler’s disease and bronchiolitis fibrosis obliterans. In addition, NO2 released by jets in the 

atmosphere can cause the destruction of ozone layer.14 Hydrogen sulfide (H2S) is another highly 

poisonous gas, which can be produced from the bacterial decomposition of organic materials. 

Moreover, H2S is produced as a by-product of many industries, including waste management, 

petroleum refining, and natural gas production.16 In low concentrations (50 ppm), it can cause 

problems to the eyes and the respiratory system. When the concentration is doubled, H2S gas can 
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paralyze the olfactory nerves, and disable the sense of odor. Long-term exposure to 250 ppm H2S 

causes asphyxia, and may lead to suffocation. Exposure to 1000 ppm of H2S paralyzes the 

respiratory nerve center and physical collapse may occur suddenly.17 In addition, increased 

concentrations of H2S are associated with chronic bronchitis, emphysema, pneumonia or 

cardiovascular system related diseases such as hypertension.18  

Volatile organic compounds (VOCs) represent another major air pollutant. These organic 

compounds have a Reid vapor pressure of over 10.3 Pa at normal temperature (293.15 K) and 

pressure (101.325 kPa).19 Examples are carbonyls, alkanes, esters, alcohols, alkenes, ethers, 

amides, and aromatics.20 Most of VOCs cause atmospheric pollution and also are toxic to 

humans (carcinogenic, mutagenic, or teratogenic).21-23 Accumulation of some VOCs can lead to 

Building-Related Illnesses (BRI) and the so-called sick building syndrome (SBS) which is 

responsible for the symptoms of headache and nausea.24 

 

II. Gas sensors: General overview 

Even though human olfaction system has long been considered the least significant of the human 

senses,25 it has of high importance for our life as it warns us about potential air hazards. Also, it 

is the only active sense during sleep.26,2728 The human olfactory system can discriminate 

approximately  400,000 odors.29 In addition, human olfactory system is more sensitive than 

rodents and dogs for some odors.30 However, when the concentration of a gas is very low or gas 

is odorless, it cannot be sensed by human olfactory system. Therefore, technological sensitive 

devices are necessary to detect the presence of the toxic and dangerous gases in our environment.  

Traditionally, the mass spectrometer,31 the gas chromatography,32 flame ionization detector33 and 

Fourier transform infrared spectrometer34 instruments have been utilized for the detection and the 

analysis of toxic gases. These analytical devices are usually bulky, expensive and often require 

trained operators. Therefore, they are used in labs and for specific purposes.35 Furthermore, these 

bulky instruments cannot be used for on-site measurements, and extensively limiting their 

widespread applications.  

In contrast to bulky analytical instruments, gas sensors are typically small and do not need 

sample preparation.36 Gas sensors are a subcategory of chemical sensors and based on the 

https://www.sciencedirect.com/topics/neuroscience/olfaction
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International Union of Pure and Applied Chemistry (IUPAC), a general definition for a chemical 

sensor37 is “a device that transforms chemical information, ranging from concentrations of a 

specific sample component to total composition analysis, into an analytically useful signal”. 

Different gas sensors have been developed for the sensing of various toxic gases, such as SAW 

gas sensors,38 electrochemical gas sensors,39,40 optical gas sensors,41,42 gasochromic gas 

sensors,43,44 quartz crystal microbalance gas sensors,45 catalytic gas sensors,46,47 thermal 

conductivity gas sensors,48,49 cataluminescence sensors,45,50 and resistive-based gas sensors.51,52 

In this review paper, the different aspects of resistive-based metal oxide nanowire (NW) gas 

sensors which work based on the resistance changes in the presence of the target gases will be 

presented. 

 

III. Metal oxide-based gas sensors: Brief history  

Because they were found to be more sensitive than the other species evaluated, canaries birds 

were one of the first “gas sensing tools” used for the detection of carbon monoxide gas53.54 

Obviously, manufactured gas sensors with high sensitivity and high availability are preferred to 

animals. Back to 1953, Brattain and Bardeen found a direct evidence for the existence of an 

electron depletion region at the free surface of germanium as a semiconducting material.55 Then, 

in 1954, Heiland found a correlation between the electrical resistance of ZnO and hydrogen gas, 

when it was put in a hydrogen gas atmosphere.56 Next, in 1962, Seiyama used ZnO as a gas 

sensor for detection of toluene, benzene, carbon dioxide, propane, ethyl ether, and ethyl alcohol 

gases.57 It was the first real device which utilized the resistance change in a metal oxide 

semiconductor resulting from gas adsorption. In Japan, the greatest catastrophe in bottled gas 

supply occurred around 1962, and became a social problem. This situation led Taguchi to 

develop and patent (1962)58 the stannic oxide sensor, and he subsequently established the Figaro 

Engineering company (1968).59 

Resistive-based gas sensors are currently one of the most studied groups of gas sensors60,61 and 

contribute to more than 20 % of gas sensor market.62 Many companies such as Figaro, FIS, and 

MICS are offering this type of sensors.63 So far, different binary, ternary64 and more complex 

metal oxides65 have been used for the realization of the resistive-based gas sensors. However, in 

general they can be either n- or p-type semiconductor.66 According to Kim et al67, SnO2, ZnO,  
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TiO2, WO3, In2O3 and Fe2O3 (with n-type conductivity) are the most common metal oxides for 

realization of gas sensors. This is mainly due to the high mobility of electrons in n-type metal 

oxides. The mobility of conduction electrons (n-type oxides) is reportedly 160 and 200 and 100 

cm2/V.s for SnO2, ZnO, and In2O3, respectively.68 On the other hand, the mobility of positive 

holes in p-type metal oxides is usually significantly less, as exemplified by the value of 0.2 

cm2/V.s for NiO.69 Actually, it has been reported that the response of p-type metal oxides are 

equal to square root of that of n-type metal oxides with the same morphology.70 This is a reason 

why p-type oxides are not utilized as much as n-type metal oxides. However, p-type metal oxides 

with good catalytic properties are also used for sensing applications.71 For example, the p-Co3O4-

decorated In2O3 nanorods revealed a good response to ethanol gas due to high catalytic activity 

of p-Co3O4.
72 Also, Cr2O3 functionalized WO3 gas sensor revealed a high response to ethanol, 

which was partially related to the good catalytic activation of Cr2O3 to ethanol gas.  

Today, metal oxide gas sensors are widely applied to the detection of toxic gases and vapors for 

environmental control,73 automotive industry,74 biomedical applications,75 and food industry.76 A 

relatively new application of gas sensors is disease diagnosis, for example, exhaled breath 

testing, which is a diagnostic method for early detection of disease. It is not only non-invasive, 

but also safe and low cost.77 It is known that toluene is a biomarker of lung cancer, ammonia to 

kidney disorder, hydrogen sulfide to Halitos, and formaldehyde to cardiovascular disease.78 

Therefore, by detecting the low concentrations of these gases, the associated disease can be 

diagnosed.  

 

IV. Metal oxide-based gas sensors: Design 

There are many configurations available for the designs of semiconducting-based gas sensors, 

and they can be categorized in three major classes (i) sintered pellet gas sensor,79 (ii) thick film 

gas sensor80 and (iii) thin film gas sensor.81  The use of pellet gas sensors is hindered because 

their surface area is limited, leading to relatively low gas response.82 Accordingly, most of gas 

sensors are fabricated as thin or thick films, with tubular or planar configurations83 (Fig. 1). Such 

sensors are prepared by depositing a sensitive layer over an insulating substrate. The substrate 

has electrodes on its surface for the readout of sensor resistance.73,84 Different techniques for the 

deposition of the sensing layer at the surface of substrate are possible, such as sol-gel, physical 
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vapor deposition (PVD), chemical vapor deposition (CVD), screen printing, spray pyrolysis, as 

reviewed by Fine et al..85 In addition, metallic heaters such as Pt, Pd, Ag, Pd-Ag are often used 

to increase the sensor temperature to the desirable one.73,84 However, recently, due to high costs 

of metallic electrodes, some metal oxide electrodes such as CuO-mixed CaCu3Ru4O12 have been 

used as electrode in the gas sensors.86 Fig. 1 depicts the schematic representations of tubular and 

planar gas sensor configurations 

 

FIG.1.Schematic representations of gas sensor configuration (a) tubular and (b) planar gas 

sensors (SE and HE are sensor electrode and heater electrode, respectively).83 Reproduced with 

permission from Technological realization of semiconducting metal oxide–based gas sensors. 

In Gas Sensors Based on Conducting Metal Oxides, 167-216 (2019). Copyright (2019) Elsevier. 

 

Generally, alumina is used as the substrate material in gas sensors. This material has a low 

thermal expansion coefficient, high thermal conductivity, and high mechanical strength along 

with a low price.83 Also, flexible gas sensors have become recently popular.87,88 One of the most 

common substrates are plastics which are flexible, light weight, transparent, and can be mass 

produced by roll-to-roll printing processes.83 Also, due to high working temperature of gas 

sensors, polyimide (PI), with a high thermal stability has been used as substrate material.89  

 

V. Criteria of semiconducting gas sensor evaluation  

In this section, the most important sensing parameters are introduced.  
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Gas response and sensitivity: The most important parameter of a gas sensor is its response to a 

target gas. It is obvious that if a gas sensor cannot sense a target gas, it cannot be practically used 

as a gas sensor. There are different definitions of gas response for semiconducting-based gas 

sensors. However, the ratio of resistance variation (Ra/Rg) or (Rg/Ra), where Ra and Rg are the 

resistance of gas sensor in air and in the target gas atmosphere respectively, is commonly used.71 

The former is used for an n-type metal oxide in the presence of a reducing gas such as CO or H2S 

gas, or a p-type metal oxide in the presence of an oxidizing gas such as NO2 gas. The latter is 

used for an n-type metal oxide in the presence of an oxidizing gas or a p-type metal oxide in the 

presence of a reducing gas. Therefore, in order to calculate and report the response of a gas 

sensor, its resistance in air (Ra) and target gas (Rg) should be continuously measured. This can be 

carried out using a gas sensing measuring system, which is discussed in the measuring systems 

section. For gas sensors, sensitivity (S) is the slope of response versus gas concentration curve.   

 

Response time and recovery time: A gas sensor should produce a gas signal in the presence of 

a target gas as fast as possible. Response time is one of the main factors of the gas sensor, since 

if a gas sensor shows a good response to a target gas but with a long response time, it cannot be 

used in real applications. This is due to highly toxic or explosive nature of some target gases.  By 

definition, response time is the required time for a gas sensor to reach to 90 % its final resistance 

in the presence of target gas.90 In some literature a limit of 63 % of the stable resistance is 

reported for the response time.91 Also recovery time is calculated as the time required for a gas 

sensor to reach its 10 % resistance value upon stoppage of target gas. A good strategy to improve 

the dynamic of gas sensors is use of porous structures for sensing layer, in which diffusion of 

gases species is accelerated.92 

 

Selectivity (cross-sensitivity): Selectivity is another critical factor for a gas sensor. High 

selectivity means higher response of gas sensor to a target gas in comparison to the response to 

interfering gases.93 Obtaining a high selectivity in a gas sensor is difficult since many gases have 

high cross-sensitivity which limits the practical usages of gas sensor.94 The four common 

strategies for obtaining an increased selectivity are: (i) the functionalization with noble metal 

catalysts, (ii) tuning the sensing temperature (iii) using heterojunctions and additives and (iv) 
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filters.95 In the recent years, the use of MOF as membranes has gained attention, as this new class 

of materials enable to enhance the selectivity as well.96 These materials present functional pores 

that can lead to the specific separation of small molecules through several types of interactions 

including van der Waals interactions, metal-substrate interactions, and hydrogen bonding. 

Therefore, these materials have potential not only for gas separation and storage, but also for gas 

sensing.97 Due to their adjustable pore sizes, these MOF can permit the selective separation of 

gas molecules.97,98 Therefore, the precise engineering design of MOF coatings on the surface of 

sensing materials can lead to highly selective gas sensors.99 For example, Weber et al. and 

Drobek et al.100,101 covered ZnO NWs with a thin ZIF-8 molecular sieve membrane and reported 

high selectivity to H2 gas. ZIF-8 membrane with a small pore size (3.4 Å) prevented passing of 

toluene and benzene gas molecules (kinetic diameters 5.92 and 5.27 Å, respectively), while H2 

molecules with smaller kinetic diameter (2.89 Å), diffused through the ZIF-8 membrane and 

resulted in a high response of gas sensor. Also, using sensor arrays, a high selectivity can be 

obtained by employing multiple sensing signal datasets 102 

 

Sensing temperature: The operating temperature of a gas sensor determines its sensitivity. 

Since the gas sensing phenomena are directly related to the diffusion and reaction of target gases 

and are temperature-dependent, the response of gas sensing increases with higher sensing 

temperatures. Generally, the working temperature of metal oxide gas sensors is in the range of 25 

to 500 °C.103 At low temperatures, the response is limited by the rate of chemical reactions while 

at high temperatures, it is limited by the diffusion rate of gas molecules. At intermediate 

temperatures, the rates of adsorption and desorption becomes equal and the highest response will 

be resulted. Every gas sensor shows its own optimal sensing temperature, which depends on the 

target gas, chemical composition, and morphology.104 From an energy point of view, lower 

sensing temperatures are favorable since they request lower power consumption and allow the 

application of the gas sensor in remote areas. However, for some applications such as ammonia 

production industry which generally operates above 450 °C, high-temperature gas sensors are 

required.105 
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Limit of detection: The limit of detection can be calculated as “3 noiserms/slope”, in which  

noiserms is the standard deviation of the sensor signal, and the slope is the first derivative of the 

response versus the gas concentration.106,107 Obviously, a lower limit of detection is desired. 

 

VI. Measuring Systems 

There are two general systems for gas sensing measurement: the dynamic and the static systems. 

Regardless the type of measuring system, the device requires the gas valves and gas flow 

controllers for the injection of the target gas into the gas chamber, equipped with a gas inlet and 

an outlet. The sensing temperature should be controllable, and a gas chamber with a limited 

volume in order to avoid long response times is typically preferred. Finally, the measuring 

system should be connected to a computer to continuously register the resistance of the sensor in 

different atmospheres.17  

In a dynamic system (Fig. 2), pre-determined gas concentrations with constant flow rates, flow to 

the gas chamber through tubes by means of mass flow controllers.108 The sensors that are inside 

the gas chamber are connected to the measurement unit to record the resistance variation 

continuously. During gas sensing tests, the resistance of the sensor in air and in the presence of 

different concentrations of target gas at different temperatures is recorded. 

 

FIG. 2. Schematic representation of a dynamic gas sensing system.108 Reproduced with 

permission from  Thin Solid Films  636, 257-266 (2017). Copyright (2019) Elsevier. 
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 In the static sensing measurement system (Fig. 3), the sensor is put into a gas chamber with 

adjustable temperature and humidity.109 During the gas sensing test, a pre-determined amount of 

the target gas is injected into the test chamber through the gas inlet by a gas injection unit. When 

the sensor resistance becomes stable, the gas chamber is opened to recover the sensors in air. For 

different gas concentrations and at different temperatures this procedure is repeated and a curve 

showing variations of sensors resistance versus time in different atmospheres will be obtained.  

 

FIG. 3. Schematic representation of a static gas sensing system.109 Reproduced with permission 

from Sensor. Actuat. B-Chem. 126, 368-374 (2007). Copyright (2019) Elsevier. 

 

VII. Nanowire-based gas sensors: General overview 

The decrease of a sensor size will result  in lower power consumption due to small thermal mass, 

mass production, quick heating and easier integration with small size chips.83 Nanoscale 

materials not only present the above mentioned advantages but they also have a large effective 

area which is increasing the gas adsorption phenomena. When the size reaches λD (Debye 

length), the surface energy significantly increases and agglomeration easily occurs which results 

in  the decrease of surface area.71 One good approach to overcome the agglomeration is to 

engineer the surface at the nanoscale in order to increase the surface area of the gas sensor.110 

Therefore, various nanostructures such as nanowires (NWs),111,112 nanofibers,113,114 

nanorods,115,116 nanotubes,117,118 hierarchical structures,119,120 hollow structures,121-123 
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nanobelts,124,125 mesoporous structures126,127 and core-shell structures128,129 have been explored 

for the preparation of gas sensing devices. 

By definition, nanostructures which have cross-sections of between 2 to 200 nm with micrometer 

scale lengths are known as NW.130 Using metal oxide NWs for the realization of gas sensors has 

advantages such as very large surface-to-volume ratio, low dimensions, high stability, high 

crystallinity, facile preparation methods, minimum power consumption, and ease of 

functionalization with catalysts for sensing studies.68,131,132 Accordingly, NW gas sensors have 

been used not only for the realization of gas sensors,133,134 but also for the fabrication of different 

kinds of biosensors.135 In the next section we will discuss the synthesis of NWs and their 

performance as gas sensors briefly. 

 

VIII. Synthesis of metal oxide NWs 

The most common way to synthesize metal oxide NWs with random alignment is bottom-up 

approach, which can be classified into solution-phase growth and vapor-phase (solid-state) 

growth techniques. They are including solution-based techniques or template growth and 

synthesis by vapor phase transport or chemical vapor deposition. The advantages of these 

methods is high purity and small diameters of the materials synthesized, low cost synthesis and 

the ease of doping and homo- or heterojunctions formation.131 The main disadvantage of the 

solution-based growth is the agglomeration of the NWs. The most common method for synthesis 

of NWs is vapor-liquid-solid (VLS) growth and we briefly explain VLS growth here.  

 

Vapor-liquid-solid (VLS) growth: The bottom-up VLS growth was introduced by Wagner and 

Ellis at Bell Laboratories to describe the growth of Si whisker in the presence of a liquid gold 

droplet.136 Compared to other growth techniques, the VLS is a simple and cheap method which is 

able to produce NWs with high aspect ratio.137 Generally a metallic catalyst is used for VLS 

growth. Catalyst acts as a reservoir for atomic species and directs crystallization of NWs.138 

Generally, the length of NWs depends on the growth time, and the NW diameter are determined 

by the size of the metal catalyst droplets. If the size of catalysts has a narrow distribution, NWs 

with a uniform diameter can be obtained.  
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During a typical VLS growth technique, catalysts are first molten into liquid alloy droplets. 

Then, when the alloy droplets become supersaturated, source metal precipitates and metal oxides 

will be grown under the oxygen flow. As-synthesized metal oxides are grown along particular 

orientation, which lead to the formation of 1D NWs.139 Considering the growth of TeO2 NWs by 

a TeO2 NWs and Au-catalyzed VLS growth technique as shown in Fig. 4, Au NPs were 

deposited on substrate on which TeO2 NWs was grown. With the increasing amount of Te vapor 

condensation and dissolution, Te and Au form a liquid. With the decrease of temperature and in 

the presence of oxygen, the TeO2 crystals nucleate and further condensation/dissolution of Te 

vapor increased the amount of TeO2 crystal precipitation from the alloy. The incoming Te 

species diffused and condensed at the existing solid/liquid interface. As a result, no new 

solid/liquid interface was formed and the interface was pushed to form a TeO2 NW. After 

cooling, the alloy droplets solidified on the TeO2 NWs tips.140,141 The reverse variation of VLS is 

the solid-liquid-vapor (SLV) growth method in which by etching a “negative NW”, which is 

hollow in nature can be formed into a single crystal.142 

 

FIG. 4. Schematic representation of the VLS growth mechanism for TeO2 NWs.140 

Reproduced with permission from Met. Mater. Inter. 25, 805-813 (2018). Copyright (2019) 

Springer. 

 

Synthesis of branched NW: Branched NWs, which also called nanoforests or nanotrees, have a 

three-dimensional (3D) morphology with a lot of homo- or hetero junctions and direct electron 
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transport pathways. Compared to NPs and 1D NWs, 3D branched NWs are superior in terms of 

structural hierarchy and high surface areas,143 which facilitates their use for gas sensing studies 

even for detection of gases at sub-ppm level.144 Also, branched NWs offer increased conduction 

paths and enhanced conduction between the NW branches and backbones.145 Many methods can 

be used for the synthesis of branched NWs. Typical methods include sequential VLS solution 

growth on primary NWs, self-catalytic growth, and screw-dislocation in combination with 

VLS.143 The most common method is VLS which consists of three steps namely VLS growth of 

the primary NWs, deposition of metal catalyst onto the primary NWs, and second VLS growth of 

the branched NWs. Density of the NW branches is directly related to the amount of the catalyst 

particles deposited on the primary NWs, while the length of the branches depends on the growth 

time.143 Therefore, by VLS growth not only branched NWs with desired features can be 

synthesized, but also they have high crystal quality. However, synthesis temperature for VLS and 

most of vapor phase growth methods is high and some of them needs expensive facilities.143 

 

Synthesis of core-shell NWs: The core-shell (C-S) NWs are a subcategory of composite 

materials which contain a NW core coated with one shell of different material. Therefore, C-S 

NWs are synthesized through the coating of an original core with a shell of other material. In C-S 

NWs, properties of resultant product can be different from either core or shell material.147 The 

ideal synthesis method should be not only compatible with the procedure of realization of the gas 

sensor, but also be able to easily deposit the shell with high crystallinity and controlled thickness 

onto the core material. In addition, it should have minimal detrimental effects on the gas sensing 

performance of C-S NWs, be cost-effective, clean, and also safe.147 

The bottom-up methods for synthesis of C-S NWs can enable for much finer structures and  

minimize energy loss compared with top down methods.148 If various methods such as CVD or 

laser-induced assembly can be applied  for the deposition of a shell material on a primary core 

NW, the most precise and reliable method is atomic layer deposition (ALD), which allows 

excellent control over the shell thickness.149 ALD is a vapor phase technology based on the 

sequential use of self-limiting chemical reactions. This technique is able to produce inorganic 

nanomaterials such as oxides,150 nitrides151,152 and metals153, with a subnanometer level control 

of the thickness.154,155 The main benefits of the ALD route are the excellent control over the 
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thickness, the excellent uniformity and the conformality over the substrate surface, which makes 

this technique extremely appropriate for the coating of 1D materials such as NWs.156-158 The 

shell layers produced by ALD are extremely smooth, continuous, pinhole-free and conformal to 

the original core, because the reactions are self-limiting and saturated.155 

 

IX. Single NW gas sensors 

Even though the development of single NW-based gas sensors is challenging, there are many 

reports about sensing properties of single NW-based gas sensors.159-161 The sensing properties of 

single NWs are affected by the diameter, synthesis procedure and the reactions which that take 

place on their surfaces.162 Realization of single NW gas sensors has considerable fabrication 

issues such as making electrical contacts. Electron-beam lithography can be used to define the 

electrical contacts for single NW gas sensor. However, a simpler method is synthesis, 

sonification and dispersal of NW on another substrate equipped with electrodes. Because of 

complex nature of processes, the commercialization of single NW gas sensors is very difficult.163 

Tonezzer et al.162 prepared monocrystalline SnO2 NWs by CVD. They were subsequently 

dispersed onto a substrate and by applying of electrical contacts, the single NW gas sensors with 

different diameters were fabricated for NO2 sensing studies (Fig. 5). 

 

FIG. 5. (a), (b) SEM images of a single NW (c) and of NWs with different diameters (from the 

bottom to the top: 117, 103, 78, 62, and 41 nm).162 Reproduced with permission from Sensor. 

Actuat. B-Chem. 163, 146-152 (2012). Copyright (2019) Elsevier. 
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Fig. 6(a) shows the response of single NW gas sensors at the optimal temperature (200 °C). The 

gas sensor with smaller NW diameter resulted in a higher response. The response to NO2 gas has 

the following relation with diameter (R) of NW and the depth of the depleted zone (LD):162 

 

Response= Constant ×(
𝑅

𝑅−𝐿𝐷
)2 (1) 

 

As illustrated in Fig. 6(b), the gas sensor with smaller NW diameter showed higher response to 

NO2 gas. Since the LD was constant for all NW gas sensors, the reduction of NW diameter 

resulted in higher gas response because of the higher ratio of the cross-sections of the conducting 

NW. Also since the gas sensors had different charge carrier densities, they showed different limit 

of detection values as provided in inset of Fig. 6(a).  

 

FIG. 6. (a) Gas responses of the five single NW sensors to various concentrations of NO2 gas. 

Inset shows limit of detection for different single NW gas sensors (b) Gas responses versus NW 

diameter.162 Reproduced with permission from Sensor. Actuat. B-Chem. 163, 146-152 (2012), 

Copyright  (2019) Elsevier. 

 

The above results were also confirmed by Lupan group.164 The response of single ZnO NWs 

(100 and 200 nm in diameter) gas sensors was directly related to the diameter of gas sensor and 

the highest gas response was occurred in a sensor of 100 nm in diameter. In the gas sensor with 

smaller diameter, the diameter and Debye length were almost comparable, which resulted in 

significant resistance modulation and a higher response of gas sensor.164 In another study, the 

response of single SnO2 NW gas sensors with different diameters (20-140 nm) were proportional 
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to inverse of diameter, where the NWs with smallest diameter, showed the highest gas 

response.165 

In general, single NW gas sensors have weaker sensing properties than multiple or networked 

NW gas sensors. This is likely because of the presence of the large number of homojunctions in 

networked multiple NWs, acting as a powerful source of resistance modulation. In this regard, 

Zhang et al.166 synthesized single In2O3 NW gas sensor by a laser ablation method. Single In2O3 

NW demonstrated response to NO2 down to ppb levels at ~25 °C. However, the response of 

multiple NW based gas sensor was not only higher, but also more reliable. Furthermore, the 

procedure for fabrication of multiple NW gas sensor was simpler.166 

The addition of noble metals at the surfaces of single NW gas sensors also have been studied. 

Single ZnO NWs which were partially coated with Pt clusters showed good sensitivity and 

selectivity to hydrogen gas at room temperature, which was much better than uncoated sensor.165 

Also, the power consumption of single NW gas sensor was much lower than that of multiple 

ZnO NWs.167 

 

X. Branched NW gas sensor 

A high performance NO2 gas sensor based on Bi2O3 branched SnO2 NWs was reported by Bang 

et al.168 The SnO2 NWs as well as Bi2O3 branches were simultaneously produced by the VLS 

method. The sensor showed a high response of 56.92 to 2 ppm of NO2 gas. The high sensing 

performance of the branched NW sensor was related to the high surface area of the sensor 

resulting from Bi2O3 branching and the formation of Bi2O3-Bi2O3 and SnO2-SnO2 homo-and 

Bi2O3-SnO2 heterojunctions.  

The CuO-functionalized SnO2 branched NWs were realized in a single process using Cu as a 

catalyst for the growth of SnO2 branches and the source of CuO NWs. By this method, Kim et 

al.,169 fabricated NWs CuO-functionalized SnO2 branched NWs. By annealing at 700 oC, the 

CuO was located at the tip of the SnO2 branches. By exposing the gas sensor to H2S, a high 

response was noticed which was mainly related to conversion of semiconductive CuO to metallic 

type CuS which induced significant resistance modulation. Also due to the fact that the CuO-

induced depletion region covered a considerable volume of the SnO2 branches, there was no 
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electron available for incoming NO2 gas molecules, and a low response to NO2 gas was 

resulted.169 

Kim et al.170, prepared ZnO branched SnO2 NWs by a VLS growth method and then sputtered 

NWs with a Co shell followed by an annealing treatment to convert the cobalt layer to (Co) NPs 

at the ZnO branches surfaces (Fig. 7(a) and (b)). Figs. 7(c) and (d) show the schematics of the 

sensing mechanism in branched NWs gas sensors with and without Co-functionalization, 

respectively. The NO2 gas molecules with highly oxidizing nature abstracted electrons from ZnO 

branches and led to higher resistance of gas sensors. However, for Co functionalized sensors, due 

to the spillover effect of Co, NO2 gas species were first absorbed on the active sites of Co NPs 

and then migrated to the ZnO surfaces, contributing to an increase in resistivity. Furthermore, 

because of a difference between the work functions of n-ZnO and metallic Co, a Schottcky 

potential barrier formed on the interfaces between ZnO and Co. In NO2 atmosphere, the gas 

molecules further take electrons from the Co, leading to the enlargement of the electron 

depletion layer in ZnO, and contributed to the sensor signal. 

 

FIG. 7. TEM images showing (a) ZnO branches and (b) Co particles. Schematic of the sensing 

mechanisms (c) without and (d) with the Co-functionalization. Reproduced with permission 

from Sensor. Actuat. B-Chem. 219, 22-29 (2015). Copyright (2019) Elsevier. 

 

Woo et al.171 prepared highly porous ZnO NWs by an Au-assisted VLS growth. Through the 

cation exchange reaction by thermal evaporation of CoCl2 powder, as-grown ZnO NWs were 
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transformed into CoO NWs. The corresponding reaction resulted in the growth of co-deposited 

ZnO branches (Fig. 8). 

 

FIG. 8. (a) ZnO NWs (b) transformation of ZnO NWs into CoO NWs, (c, d) Co-doped ZnO 

NWs branched.171 Reproduced with permission from ACS Appl. Mater. Interfaces 6, 22553-

22560 (2014). Copyright (2019) American Chemical Society. 
 

 

In branched NWs, the presence of numerous homojunctions in ZnO branches resulted in higher 

initial resistance, compared to pristine ZnO NWs. Therefore, in the p-xylene atmosphere, a high 

modulation of resistance due to release of electrons, led to high response of gas sensor. In 

addition, the high response to p-xylene was also related to the catalytic activity of Co that 

facilitated the dissociation of the less reactive p-xylene to reactive smaller gases. In a similar 

study, Ni-doped branched ZnO NWs doped with Ni were grown by similar procedure described 

above. They showed enhanced gas response to 5 ppm p-xylene (Ra/Rg = 42.44) at 400 °C, which 

was significantly higher than the response to other gases. The high selectivity of gas sensor was 

related to the catalytic activity of Ni.172 

An et al.145, synthesized branched ZnO NWs using an Au-assisted VLS growth. The enhanced 

response to NO2 gas over unbranched sensor was due to the three-dimensional porous structure 

and the high surface area owing to the formation of branches, along with presence of plenty of 

ZnO-ZnO homojunctions in branched morphology. 
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XI. C-S NW gas sensors 

C-S composites have found special attention in many areas including catalysis and 

electrocatalysis173 as well as different kinds of sensors.174 Karnati et al. comprehensively 

discussed the different aspects of the sensing mechanism in C-S NWs gas sensors.147 For gas 

sensing applications, generally an optimal shell thickness is needed to have the highest gas 

response in C-S NWs. This was confirmed by Kim et al..175 They reported the sensing 

performance of p-n CuO-ZnO C-S NWs with shell thicknesses of 5-110 nm. Gas sensing results 

showed the enhanced response to both C6H6 and CO gases at a shell thickness of 35 nm, which 

was closed to the Debye length (λD) of ZnO. For ZnO shells thinner than the λD of ZnO, all 

electrons were completely depleted (Fig. 9(a)) and in the presence of CO or C6H6 gases, the 

released electrons, significantly modulated the sensor resistance. For the shells thinner than the 

λD since the volume of the shell was much smaller than total volume of C-S NWs, negligible 

resistance modulations could not significantly affect the sensing response. Also, for the thick 

shells, only a portion of the shell experienced the resistance variations in air and target gas 

atmospheres, which resulted in low response of gas sensor. (Fig. 9(b)). 

Also, in a similar study, the effect of shell thickness optimization on the sensing performance of 

SnO2-Cu2O C-S NWs with various shell thicknesses (5-80 nm) was reported by Kim et al..176 

The gas sensor with a shell thickness of 30 nm demonstrated an enhanced gas response to the 

reducing gases, while, the pristine gas sensor revealed a better response to NO2 gas. The degree 

of resistance modulation of the outer layer of Cu2O which was directly exposed to air varied 

inversely with shell thickness. Therefore, a thicker shell was only partially modulated. In 

contrast, even though the very thin shells were completely experienced the resistance 

modulation, the fraction of the shell in comparison with total volume of C-S NWs was negligible 

and a low response was resulted. With considering the fraction of shell layers in the total volume 

of the n-p C-S NW (which was proportional to shell thickness), the response showed a bell-

shaped curve with regard to shell thickness (Fig. 10), where a 30 nm thick shell showed the 

enhanced gas response. Also, for C-S NWs, the expansion of the outer Cu2O layer was limited 

by the presence of the p-n interface, which acted as a blocking layer toward the expansion of the 
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outer layer of Cu2O. Accordingly, less resistance modulation for NO2 which is an oxidizing gas 

occurred, resulting in low response to it. 

 

FIG. 9. The sensing mechanism of CuO-ZnO C-S NWs, (a) ZnO thickness smaller than Debye 

length (b) ZnO thickness thicker than Debye length.175 Reproduced with permission Sensor. 

Actuat. B-Chem. 222, 249-256 (2016). Copyright (2019) Elsevier. 
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FIG. 10. The total resistance modulation of the C-S NWs in the presence of reducing gases.176 " 

Reproduced with permission from  ACS Appl. Mater. Interfaces 7, 15351-15358 (2015). 

Copyright (2019) American Chemical Society. 

 

In another study, the presence of an optimal shell thickness was also verified for SnO2-ZnO C-S 

NWs (3.5-95 nm shell thickness), which was fabricated by VLS and ALD growth techniques.177 

The sensor with a shell thickness of 40 nm showed the highest response to the reducing gases. As 

presented in Fig. 11(a), the resistance due to the radial modulation of the electron-depleted shell 

was varied according to shell thickness. Also Fig. 11(b) displays the electric field smearing 

effect. For the shell layers thinner than λD, electron pathways were in both shell and core 

materials. This increases the resistance modulation in the C-S NWs. Even though a fully 

electron-depleted shell experienced a large resistance change, a noticeable portion of the electron 

pathways were through the inner core, resulting in a negligible resistance change for the C-S 

NW. Also, for thick shells, the resistance change in the C-S NWs upon exposure to reducing 

gases was determined only by the partial radial modulation of the electron-depleted shell and a 

low response was resulted. Fig. 11(c) shows how an optimal shell thickness can be resulted in the 

best sensing response.  
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FIG. 11. (a) Resistance modulation by radial modulation of the electron-depleted shell (b) 

adverse effect by smearing on resistance modulation, and (c) total resistance modulation.177. 

Reproduced with permission from ACS Appl. Mater. Interfaces 6, 8281-8287 (2014). Copyright 

(2019) American Chemical Society. 

 

 

XII. Noble metal functionalized and heterojunction NW gas sensors 

A very promising approach to enhance overall performance of gas sensors is functionalization or 

decoration with noble metals. In general, noble metals such as Pt,178 Pd,179 Au,180 Rh181 and 

Ag182 enhance the adsorption of target gases and their subsequent interaction with the absorbed 

oxygen. Therefore, functionalized metal oxide NWs have attracted much attention.183 Different 

methods, including gamma-ray irradiation,184 UV-irradiation,179 sputtering185 and thermal 

evaporation,186can be used for introducing noble metals into oxide semiconductors.  

When a noble metal is functionalized at the surface of metal oxides, due to the different work 

functions, charge transfers occur until the Fermi levels are equalized. Assuming that electrons 

migrate from metal oxides to the noble metals, which is a case often observed in noble metal 

oxide-functionalized gas sensors, electrons will accumulate in the noble metal and at the same 

time increases the width of electron depletion layer in the metal oxide. In fact, Schottky potential 
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barriers will be created in the interfaces between noble metal and metal oxide. Since noble 

metals have high number of mobile electrons, electrons can easily redistribute themselves to 

counteract any charge build-up near the heterojunction interface. The presence of negative 

charge on the surface of the noble metal can attract electronegative species such as oxygen 

gas.187 In the presence of target gas, the height of Schottky potential barrier changes which leads 

to a resistance change of the gas sensor, contributing to the sensor signal. 

Additionally, noble metal catalysts also have a chemical sensitization effect.188 In chemical 

sensitization, noble metals with its catalytic activity cause an increase in the adsorption of gases 

onto the sensor surface (Fig. 12(a)). In fact, the gas molecules will first be adsorbed on the 

surface of noble metals and then will be split over on the surface of metal oxides. Spillover 

involves the transport of active species adsorbed a first surface onto another surface that is in 

intimate contact with the original adsorbing surface.189 Oxygen or target gases can be adsorbed 

on the surface of noble metal and be dissociated into chemisorbed monatomic oxygen and final 

spilt over onto the surface of metal oxide. As an example, Pd can easily dissociate H2 gas to 

atomic hydrogen. Then atomic hydrogen species can be adsorbed onto the surface of sensing 

material. Therefore, much more hydrogen atoms can be reacted with already adsorbed oxygen 

species, resulting in improved gas response, shorter response and recovery times as well as 

higher selectivity of the gas sensors.190,191 However, too large particle size would reduce the 

surface-area of the gas sensor, and may significantly decreased the response of gas sensor.192Due 

to high catalytic activity of noble metals to a specific gas, many high selective NWs gas sensors 

with noble metal functionalization have been reported in the literature.193,194  

 

FIG. 12. (a) Chemical sensitization and (b) electronic sensitization effects of noble metals.187 

Reproduced with permission from Sensor. Actuat. B-Chem, 286, 624-640 (2019). 

Copyright (2019) Elsevier. 
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In electronic sensitization, change of noble metal state in a metallic state to an oxidized state will 

cause significant change on the resistance of gas sensor (Fig. 12(b)). For example, Pd can be 

oxidized to PdO in oxidizing atmospheres, which causes a large modulation in resistance via 

electronic sensitization mechanisms.187 Similarly, in air atmosphere generally some noble metals 

such as Ag and Pd become partially oxidized. When they are exposed to reducing gases, their 

electronic properties as well as work functions changes, which lead to a resistance modulation of 

gas sensor.69 Also similar type of change has been reported in a hydrogen gas atmosphere where 

Pd has transformed to PdHx, which is associated with a large resistance modulation.157 

A disadvantage of noble metals is their high costs, which can significantly increase the sensor 

cost. In addition, noble metals can be poisoned in the presence of H2S, SO2, thiols and 

phosphorous.195,196 Therefore, an alternative approach to increase the performance of NW gas 

sensor is realization of heterojunctions.  

Heterojunction formation is a very popular method for fabrication of high performance gas 

sensors. In heterojunctions which can be n-n, n-p or p-p, since the Fermi level of a 

semiconducting material is different, the electrons at the higher energies will transfer to 

unoccupied lower-energy states until the Fermi energies be equalized. Accordingly, a net 

positive charge and a net negative charge in the materials in contact will be created. The flow of 

electrons will continue until the negative charge increase the energy of the electrons to prevent 

further flow of electrons.187 A schematic representation of p-n and n-n junctions is shown in Fig. 

13. Owing to the band bending, a potential energy barrier is established at this interface. 

Electrons must overcome this potential energy barrier in order to cross this interface. 

https://www.sciencedirect.com/science/article/pii/S0925400514009149#fig0040
https://www.sciencedirect.com/science/article/pii/S0925400514009149#fig0040
https://www.sciencedirect.com/topics/chemistry/band-bending
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FIG. 13.  (a) p-n junction before formation. (b) Depletion layer formed on both sides of p-n 

junction due to electron-hole recombination, (c) n-n junction before formation and (d) Depletion 

layer and accumulation layer.197 Reproduced with permission from Sensor. Actuat. B-Chem.  

204, 250-272 (2014). Copyright (2019) Elsevier. 

 

In heterojunction NWs, for example when an n-type NW sensor is in intimate contact with a p-

type metal oxide, due to transfer of electrons from n-type NWs to p-type material, the diameter 

of the charge conduction channel inside of the n-type NWs decreases, and this leads to the 

increase of the air resistance. When the sensor is in an oxidizing gas atmosphere such as NO2, a 

low response can be expected since there are no enough electrons in n-type NW to be withdrawn 

by NO2 molecules. However, in the presence of a reducing gas, significant change in the 

diameter of charge conduction channel occurs, thus a high response is expected. This was 

confirmed by Na et al.,198 in p-Cr2O3/ n- ZnO NWs gas sensor. 

 

https://www.sciencedirect.com/topics/engineering/depletion-layer
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XIII. Low power consumption strategies: Light activation and self-heating operation 

One of the major issues associated with the operating condition and stability of metal oxide 

NWs, is the relative high working temperature, which is required to enhance surface reactions to 

activate adsorbed oxygen and to enhance the reactivity with target gas. First Camagni et al.,199 

reported the UV enhanced sensing signal and then it was further confirmed that UV light could 

improve the sensing performances at room or low temperatures. Law et al.,200 reported UV light 

illumination for enhanced gas response in NW gas sensors.  

When metal oxide NW gas sensors are in dark environment at room temperature, only a few 

oxygen molecules can be adsorbed on the surface of gas sensor and are difficult to be desorbed. 

For the activation of the sensing layer, a minimum energy equal to the energy of the band-gap of 

the metal oxide is required. Illumination of sensor with a UV light with the photon energy equal 

or higher than the band gap of metal oxide NWs, can cause excitation of electrons from the 

valence to the conduction band. As a result, a large number of UV-induced electron-hole pairs 

will be generated in the NWs.  

Also, it has been reported that using photons with excessive energies, above the threshold of the 

band gap, does not necessarily give better responses, since larger fraction of conduction electrons 

are lost with increasing energy as the result of inelastic scattering. Therefore, the maximum 

response can be corresponded to photons with energy close to the band gap of the metal oxide.202 

Since generally, wavelength of UV light is reported in the literature, the maximum wavelength of 

UV light which can be used for activation is as follows: 

𝜆𝑚𝑎𝑥 ≤ ℎ𝑐/𝐸𝑔 (2) 

 

where h is the Planck’s constant (4.14 × 10−15 eV.s), c is the velocity of light (3.00 × 108 m.s-1) 

and Eg is the band gap.  

UV illumination enhances the surface chemical activity through increasing the number of charge 

carriers in the conduction band, and accordingly it provides higher number of active sites on the 

surface. The target gas molecules then can be easily adsorbed and react with oxygen atoms on 

the surface of gas sensor. This leads to a significant change of the layer conductivity due to the 
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change in the number of electrons, and enables the gas concentration measurement by 

monitoring the conductance change over time.201  

Two mechanisms are proposed for the direct desorption of adsorbates upon the exposure to UV 

radiation, direct excitation of a binding electron to the conduction band, or recombination with a 

photo-generated hole in the valence band. In other words, as the photons are irradiated to the 

surface, the photo-induced holes/electrons interact with the adsorbed oxygen causing to desorb 

oxygen ion species (photo-desorption) simultaneously along with the photo-induced electrons 

interaction with oxygen in the gas phase. This phenomenon continues to reach a new equilibrium 

state in which the rate of arrival of the holes and electrons to the surface becomes equal. 

Interaction and recombination of a hole with a binding electron of the layer could also break the 

bond and provide oxygen atom that is able to diffuse to the crystal surface, react with oxygen 

ions and form into O2(g) and leave an oxygen vacancy behind.201 

Consider the cross-section of a metal oxide NW such as ZnO, as schematically described in Fig. 

14. Because of the built-in electric field in air, under UV illumination, some photo-generated 

holes on the surface react with adsorbed oxygen species and causing their desorption. At the 

same time, photo-induced oxygen species are created through the interaction between the oxygen 

molecules and the active photoelectrons. They are bound to the surface weakly as compared to 

chemisorbed oxygen species. In the target gas atmosphere, the change in resistance of ZnO 

sensor will increase under UV activation. Therefore, metal oxide NW gas sensor shows a high 

sensor a fast response-recovery time under UV light at lower sensing temperature.202 

The pattern and intensity of the emitted UV light will seemingly affect the flow of the photons, 

which in turn influence the performance and sensing characteristics accordingly, due to the 

change in carriers’ density incurred by photons interactions. Park et al.,203 reported that the 

response of the ZnS-core/ZnO-shell NWs increased from 116 to 1180% with increasing UV light 

intensity from 0 to 1.2 mW/cm2. It was found that the higher intensity of UV light may increase 

the number of electron-hole pairs, which significantly increase the charge carrier concentration, 

resulting in room-temperature operation and higher response of gas sensor. Another method of 

power consumption reduction is operation of gas sensor in the self-heating mode.  
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FIG. 14.  Gas sensing mechanism of ZnO (a) in air, (b) in air under UV light, (c) in reducing gas 

under UV light and (d) in oxidizing gas under UV light.202 Reproduced with permission 

from Sensor. Actuat. A-Phys. 267, 242-261 (2017). Copyright (2019) Elsevier. 

 

In some cases, for example in sensor arrays, UV illumination cannot result in a high response 

and they still need battery for their operation. Generally working temperature of gas sensors is 

high, which limit their usages in some places. However, when the number of sensors in a sensor 

array or a network is so high, replacing of individual batteries would represent a boring and 

difficult task. Furthermore, the battery materials have mostly potentially hazardous to health. 

Therefore, some novel approaches for decrease of power-consumption in gas sensors are 

needed.204 Using Micromachining technology power consumption can be less than 30-50 mW, 

however, further reduction in power consumption is possible with self-heating strategy.205 

Self-powered electronic devices were introduced by Xu et al. using ZnO NWs, in which a 

voltage of 1.26 V was produced by ZnO NWs, which was enough to recharge an AA battery.206 

Further studies showed that metal oxide NW gas sensors as well as metallic NWs207,208 can work 

in self-heating mode with significant reduction of power consumed with a few tens of μW. 

Prades et al.209 reported self-heated operation of SnO2 NWs for NO2 sensing with a power 

consumption of less than 20 μW which was remarkably lower than the 140 mW required for the 

external microheater.  In self-heating operation, the small amount of power which used to probe 

the sensor resistance is sufficient to reach the optimum temperature of gas sensor (Fig. 15). First 

https://www.sciencedirect.com/topics/physics-and-astronomy/zno
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time Salehi et al. applied an AC bias to self-heated SnO2 gas sensor without external heating, 

demonstrated its successful operation for sensing application.210 Self-heating gas sensors not 

only removes the external heaters, but also significantly reduces of the power consumption.211 

For self-heating gas sensors, it is generally accepted that the multiple NWs have a better 

performance than the single NW gas sensors. In fact, in the case of multiple NWs, since there are 

many NWs between the electrodes, the risk of sensor damaging due to failure of a NW 

decreases. Moreover, the conductivity range of multiple NW sensors permits application of much 

easier and cheaper electronic devices for operation of gas sensor. However, in a single NW gas 

sensor, the gas diffusion processes can be minimized, which can make the response and recovery 

times shorter.212 

 

FIG. 15. Schematic representations gas sensors operating in self-heating and conventional 

mode211. Reproduced with permission from Sensor. Actuat. B-Chem. 256, 797-811 (2018). 

Copyright (2019) Elsevier. 

 

The main advantage of NWs for self-heating studies in comparison with thin film and thick film 

based gas sensors is their small thermal capacitance and significant reduction of thermal losses to 

the electrodes as well as the gas environment.205 As a shortage of self-heating operation, it 

should be noted that during the Joule heating, sometimes the steady-state temperature is not 

homogeneous along the NW length, which prolongs the response time of self-heated gas 

sensors.213 For self-heated gas sensors following points are important: (i) since the temperature 

rise is inversely proportional to the square radius of NWs, smaller diameter of NWs is better for 
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self-heating studies, (ii) thermal conductivity of NWs should be as high as possible and (iii)  

thermal loses with all elements in contact with the self-heated NWs should be decreased.211 

Kim et al.214 reported Pt-functionalized SnO2-ZnO C-S NWs with a shell thickness of 10-85 nm 

in self-heating mode for gas sensing studies. Generally, for self-heating studies, the 

thermographs similar to Fig. 16 are reported to confirm the self-heating effect. The measured 

temperature increased with increasing shell thickness. There were three sources of Joule heating 

in the C-S NWs. First, because electrons passed though the ZnO grains, Joule heating occurred 

inside the ZnO grains (Fig. 17(a)). Second, the ZnO grain boundaries acted as another source of 

Joule heating (Fig. 17(b)). Third, since ZnO NWs were in intimate contact, the Joule heating 

occurred from the electrical currents through the ZnO-ZnO homojunctions (Fig. 17(c)). 

Increasing the shell thickness increased the diameter of the C-S NWs, and the probability of 

contact between NWs increased which led to a higher temperature. Accordingly, a higher C7H8 

response in the sensor with an 85 nm-thick shell was resulted.   

 

FIG. 16. Thermographs of Pt-functionalized SnO2-ZnO C-S NW sensors at different shell 

thicknesses and applied voltages.214 Reproduced with permission from Sensor. Actuat. B-Chem. 

251, 781-794 (2017). Copyright (2019) Elsevier. 
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FIG. 17. Schematic of self-heated gas sensors and (a)-(c) sources of the generation of resistances 

in the C-S NWs.214 Reproduced with permission from Sensor. Actuat. B-Chem. 251, 781-794 

(2017). Copyright (2019) Elsevier. 

 

These results were also confirmed by another study. A novel self-heated CO gas sensor using 

Au-functionalized networked SnO2-ZnO C-S NWs215 was reported. The three sources of Joule 

heating in the SnO2-ZnO C-S NWs were the resistance inside of ZnO grains, the resistance in 

grain boundaries and the resistances in the ZnO-ZnO homojunctions. It was found that by 

increasing the ZnO shell thickness, the response was increased. The power consumption at 3 and 

20 V was 11.3 nW and 8.3 μW, respectively. Increasing the applied voltage enhanced the sensing 

response due to the self-heating effect within the sensor, and the sensors exhibited good 

performance without the need for an external heater. In a sensor with the optimal ZnO shell 

thickness of 80 nm, the responses for 50 ppm CO were 1.17 and 1.62 at 3 and 20 V, respectively. 
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The optimized ZnO shell, the catalytic effect of Au and the Joule effect contributed to the high 

response of gas sensor toward CO.215 

 

Conclusions and outlook 

Many toxic gases in our environment can be efficiently detected using metal oxide NW gas 

sensors. In this tutorial review paper, different aspects of metal oxide NW-based gas sensors 

were reviewed, from their synthesis methods to their sensing parameters and mechanisms. Single 

NW gas sensors can offer relatively high sensing performance and low LODs, due to their high 

surface area, excellent crystallinity and small diameter. However, their implantation in practical 

devices and the overall fabrication of gas sensors remains difficult. Because they present higher 

amounts of homo-and heterojunctions, multiple NWs and branched NWs offer higher sensing 

responses. In addition, they can be easily synthesized and implemented, for example by using 

VLS growth methods. Their surface functionalization with noble metals such as Pt, Pd, or Au 

can further increase the performance of these sensors in terms of sensitivity and selectivity. In 

heterojunction NWs, due to the presence of two materials with different work functions, the high 

modulation of the resistance at the interfaces can significantly increase the sensing response as 

well. In core/shell NWs, there is often an optimal shell thickness allowing for the highest gas 

sensing response. Using UV light, the gas sensors can work at a lower temperature, decreasing 

their power-consumption significantly. Another method for the reduction of power consumption 

is the use of self-heating strategy, in which NW gas sensors with extremely low powers can be 

realized. MOF nanomaterials can be used for the fabrication of highly selective gas sensors, as 

these porous structures act as selective membranes to certain gas molecules that can pass their 

small pores, resulting in higher selectivity. Based on this literature overview, it can be concluded 

that NWs have the potential to serve as the base of high performance, low-power consumption, 

and low cost gas sensors. In this regard, the optimization of amounts of noble metals, shell 

thickness, selection of appropriate MOF membrane, sensing temperature and sensing layer are 

important factors. It is expected that in near future, more sensitive, selective and stable gas 

sensors with fast response and short recovery times will be fabricated from metal oxide NWs.   
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